resulted in sweat being historically used for the diagnosis of cystic fibrosis, since the disease alters the ionic composition of sweat, 2 and for forensic analysis to evaluate controlled substance use. 3 With recent advances in analytical as well as sweat sampling technology, the composition of sweat has been further characterized, and it is now known to contain a much larger spectrum of molecules, including proteins, carbohydrates, organic acids, lipids, and lipidderived metabolites. [4] [5] [6] [7] [8] Correspondingly, the potential applications of sweat for diagnostic purposes have increased, including speculations that the sweat proteome may be useful for the diagnosis of infections, and psychiatric and neoplastic diseases. 7, 9, 10 It should be noted that the vast majority of these studies characterized the composition of eccrine sweat, which is produced from sweat glands located throughout the body. Apocrine and apoeccrine sweat glands located in the axillary and genital regions of the body have a distinct secretory mechanism from eccrine sweat glands, and apocrine and apoeccrine sweat are less well-characterized compared to eccrine sweat. Therefore, (eccrine) sweat might offer access to a potentially valuable and noninvasive biological sample that could help improve subject compliance in pharmacokinetic and biomedical studies, as has been demonstrated with other noninvasive matrices such as hair, saliva and tears. 11 To the best of our knowledge, only one example exists that examines sweat composition in the context of cutaneous disease, a study that examined sweat prostaglandin (PG) E2 levels in individuals with atopic dermatitis, psoriasis, or hyperhidrosis compared to controls. 12 Although no overall differences were found between the subjects with the various diseases and controls in the cited study, some subjects with each disease did show markedly higher concentrations of PGE2 compared to the average control, suggesting that there may in fact be some cutaneous diagnostic potential to sweat. Interestingly, no further work has been published that evaluates the diagnostic potential of sweat in cutaneous disease, which is particularly surprising given that sweat is one of the two main cutaneous secretions. Therefore, this minireview focuses on the potential for sweat, particularly eccrine sweat, to be a novel tool in cutaneous research and diagnosis. Additional emphasis will be placed on lipid mediators as analytes of interest in demonstrating the utility of sweat in cutaneous research, particularly given the previous attempt at evaluating these compounds in sweat for this purpose.
| LIPID MED IATOR S AND THEIR A SSO CIATI ON WITH CUTANEOUS D IS E A S E
Lipid mediators refer to derivatives of fatty acids that display biological activity and are capable of regulating a variety of processes, including inflammation, cell growth and differentiation, and vascular homeostasis. 13 These mediators, which come in a variety of forms, are generally produced locally via biosynthetic pathways in response to extracellular stimuli and function similar to local hormones or autacoids, 13 however, they may also have endocrine functions, as they can be released from tissues during triglyceride lipolysis, 14 and are components of circulating lipoprotein particles. 15 Common examples of lipid mediator classes include oxygenated lipids ("oxylipins"), which constitute a chemical superclass consisting of the cyclooxygenase (COX), lipoxygenase (LOX), and cytochrome P450 (CYP) derived products of polyunsaturated fatty acids; endocannabinoids and endocannabinoid-like compounds such as monoacylglycerols (e.g. 2-archidonoylglycerol, 2-AG) and acylethanolamides (e.g. arachidonoylethanolamide or anandamide, AEA); and ceramides and sphingosine, a subset of sphingolipids. The formation and biological roles of these lipid mediator classes have been reviewed elsewhere and are beyond the scope of this manuscript. 13, 16, 17 The abbreviations used to describe the oxylipins, endocannabinoids, sphingoid bases, and ceramides mentioned in this manuscript follow standard conventions in the field, and are described and expanded elsewhere. 18, 19 Within the context of the skin, the presence of lipid mediators has been documented in keratinocytes, fibroblasts, melanocytes, and sebocytes, and these compounds have been shown to influence a variety of cutaneous processes including cell proliferation, T-cell activation, epidermal barrier function and sebum synthesis. 16 a Data generated from canine models. b Data generated from murine models. c Data generated from cultured human fibroblast models.
diseases, most notably the use of palmitoylethanolamide (PEA)-containing creams for the treatment of atopic dermatitis. 20 Most of these associations have been reviewed in several recent publications, 16, 20, 21 and examples of specific lipid mediators and the skin diseases they are associated with may be found in Tables 1 and 2 .
However, as can be seen in these tables, most of the cited studies 
| THE C A S E FOR US ING SWE AT (LIPID MED IATOR S) IN CUTANEOUS RE S E ARCH
The involvement of lipid mediators in skin disease has long been established, and several promising therapeutic targets have been identified for diseases such as psoriasis and atopic dermatitis. 26, 27 The fact that lipid mediators have been found in multiple skin cell types and have been shown to modulate cutaneous processes makes them an even more attractive target for future research studies. 16 Finally,
given advances in analytical technology that permit simultaneous analysis of multiple lipid mediator classes, it is now possible to evaluate not only lipid mediator crosstalk, but also more comprehensively understand the impact a disease may have on cutaneous inflammation and immunomodulation, which may lead to the development of more targeted therapeutic interventions.
However, where does sweat fit into this paradigm? As one of the two main cutaneous secretions, sweat offers promise as an informative noninvasive matrix in cutaneous research. It is well-established that diseases such as cystic fibrosis genetically alter sweat composition, supporting its potential as a diagnostic matrix. 2 Current understanding of sweat composition suggests that it is primarily an excretory biofluid, comprising secretions from both the local cutaneous environment by diffusion from surrounding skin cells, as well as the global systemic environment by diffusion from the capillary network surrounding the sweat gland coil. 28 There is also some evidence that the epithelial cells of the sweat gland are also capable of synthesizing and secreting sweat components such as the endocannabinoids AEA and 2-AG. 29 By contrast, skin lipid mediator profiles are only reflective of the local cutaneous environment, as lipid mediators are typically synthesized locally and function as local hormones or autacoids. 13 Therefore, analysis of skin lipid mediators provides a relatively limited view of the effects of a particular disease, which could easily be expanded in a more noninvasive manner by the analysis of sweat.
From a sampling perspective, cutaneous research currently appears to be largely dependent on tissue biopsies or tape strips, both of which are invasive procedures and have potential to cause considerable discomfort to the subject. Tissue biopsies in particular are also not amenable to repeated temporal sampling, in part due to subject discomfort, but also because the affected or treated area is usually excised after the first biopsy. It has recently been suggested that invasive sampling procedures such as venipuncture can increase reluctance in subjects to participate or comply with biomedical study requirements, and that the use of noninvasive matrices such as saliva or sweat have improved compliance in pharmacokinetic studies.
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Given that sweat collection is generally a nondestructive and noninvasive process, it would appear to be suitable for repeated sampling and has the potential to minimize subject discomfort, making it an excellent supplement to skin biopsies or tape strips.
Finally, -omics analysis of sweat is an emerging area that is currently of great interest to several research groups around the world. 
| PR AC TI C AL CON S IDER ATI ON S FOR SWE AT B IOANALYS IS

| Sweat collection methods
Until relatively recently, sweat has had limited application in the areas of metabolomic or lipidomic testing, in large part due to a lack of quantitative and reproducible methods for collecting sweat and their impact on the sweat metabolic profile. 1, 30 Two recent reviews on sweat and its utility in metabolomics analysis provide overviews of the evolution of sweat collection technologies and discuss the advantages and disadvantages of these various methods. 1, 30 It would be redundant to revisit these topics in this manuscript. Rather, it is worth considering the research questions desired to be answered by sweat analysis.
Methods that offer rapid and quantitative collection of liquid sweat such as the Macroduct ® sweat collector are amenable for a wide range of studies since sweat collection occurs over a relatively short window (~30 minutes), and therefore it is possible to closely relate observed changes in sweat composition to the time since an intervention occurred. Since liquid sweat is collected, it is possible to measure the collection volume, which may offer a means to normalize amounts of detected analytes. The small size of these collection technologies also offers researchers the opportunity to choose the collection site, which can help minimize potential contamination by sebaceous secretions or even other types of sweat (e.g. apocrine or apoeccrine sweat), and direct sweat gland interrogations to areas of skin with varying levels of pathobiological intensity. However, these technologies are often expensive and usually require specially trained personnel to actually perform sampling. 
| Sweat stimulation methods
In order to collect a sufficient quantity of sweat for analysis, sweating must usually be stimulated, either by pharmacological methods (pilocarpine iontophoresis) or physiological methods (thermal induction or exercise). 1 Collection of sweat without stimulation is possible by the placement of an absorbent material such as a gauze pad on the skin surface, but this usually requires collection times of several hours or days to achieve a sufficient volume of sweat for analysis due to the relatively low rate of total body insensible sweating, e.g. but also its intensity, as often the intensity of exercise can affect metabolism and therefore metabolic content. 38 Heart rate and oxygen consumption have been previously shown to be excellent predictors of exercise intensity, 39, 40 and at least one of these parameters should be monitored for all studies using exercise as a means of sweat stimulation. Carefully monitoring and regulating all of these parameters will result in a more uniform and therefore reproducible study.
| Collection sites
Most studies tend to sample sweat from the volar forearm, likely because it contains a low density of sebaceous glands, which minimizes the contamination of collected sweat by sebum. 41 It is also relatively hairless, sun-protected, and relatively easy to access, which ensures minimal discomfort to subjects. Other anatomical sites such as the chest, abdomen, forehead, or upper arm exemplify some of these characteristics as well, and in some cases, have a higher density of sweat glands and/or higher sweating rates compared to the volar forearm. 42 Yet, these sites are not as frequently sampled for sweat.
Possible reasons for this include the forehead being rich in sebaceous glands, 43 and therefore any collected sweat likely being compromised by sebaceous secretions; the abdomen and upper arm not being as convenient to access, and also having lower sweating rates compared to the forearm 42 ; and sampling from the chest being potentially considered culturally invasive by some. There may be reasons to sample from these or other sites depending on the research question and/or location of lesions. It is thus worth considering the impact of collection site on sweat composition.
As with effects of different stimulation techniques on sweat composition, there are limited studies published that examine the impact of collection site. At first glance it would appear that collection site can affect sweat composition, as the ratio of IL-1α to IL-1β appears to change depending on whether the palmar/plantar surface or torso is sampled. 34 However, sweat sodium and potassium concentrations appear unaffected by sampling from the forearm, back, chest, forehead or thigh. 43 Therefore, it may be worth evaluating the impact of collection site on analytes of interest, particularly if comparisons are to be made with results published based on samples from a different anatomical location.
| Normalization of sweat metabolite concentrations
In order to obtain accurate and precise results from any analytical study, normalization of obtained results is a critical step. 44 Results are frequently normalized to sample volume, and such an approach is appropriate where the sample matrix is homeostatically regulated, as is the case in blood and cerebrospinal fluid. 44 On the other hand, matrices such as urine are not considered homeostatically regulated as volume-normalized analyte concentrations can vary significantly, even in the same individual, depending on factors such as hydration status and diet at the time of sampling. 44 Creatinine is frequently used to normalize urine analyte concentrations, as it is assumed that creatinine concentration, which is produced at a constant rate from muscle tissue, provides a measure of the volume of blood filtered, and thus is reflective of urine diluteness. 45 However, this approach is not always successful, particularly in cases of individuals with acute or chronic kidney diseases. 46 Sweat can also be considered a nonhomeostatically regulated matrix, as sweat volume and rate are influenced by ambient temperature and humidity, and possibly by subject hydration status and blood flow to the sweat gland. 37, 47 In an effort to normalize sweat analyte concentrations, particularly for patch-based sweat collection systems where it is difficult to quantify collection volume,
Appenzeller et al proposed the use of sweat sodium concentration as a normalizing factor. 48 Such an approach can be confounded by diseases that affect sweat electrolyte content such as cystic fibrosis and adrenal insufficiency, and can be influenced to a lesser degree by individual diets (particularly sodium intake). 49, 50 To date, few studies that have attempted to normalize sweat analyte concentrations using detected sweat electrolyte levels. 51, 52 Chemical isotope labeling of sweat patches has been proposed as an alternative normalization strategy, 53 and it may also be possible to normalize to the sample volume if a liquid sweat sample can be collected and the entire sample is analyzed. 18 Sample normalization for sweat remains an area to be fully characterized in order to develop more standardized quantitative approaches.
| Biological relevance of sweat metabolite profiles
The prevailing hypothesis for sweat composition is that as a predominantly excretory matrix, sweat is reflective of a combination of plasma filtration, sweat gland epithelial cell secretion, and in all likelihood, the influence of the surrounding cutaneous tissue mediators on the cells of the sweat gland. 28 Most of the evidence for this hypothesis comes from drug delivery studies, as ketoconazole has been shown to rapidly partition from the bloodstream to eccrine sweat following oral consumption, 54 whereas theophylline has been demonstrated to migrate transdermally to the skin surface where it can be amalgamated into sweat. 55 It is critical to understand the sources of the detected metabolites in sweat so that obtained results may be put into the appropriate pathobiological contexts. This is particularly relevant in the area of lipid mediators, which are generally thought to be produced locally via biosynthetic pathways in response to extracellular stimuli and function similarly to local hormones or autacoids.
It follows that any interpretations of lipid mediator concentration changes needs to be made in the context of the matrix of origin.
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There is also evidence that cells of the sweat gland are capable of synthesizing some of the analytes detected in sweat, 29 strengthening the argument that sweat merely reflects a modified plasma filtrate. Unfortunately, the source of most non-electrolyte analytes detected in sweat has not been well characterized at this time, and further studies need to be conducted to understand this critical aspect of sweat composition.
| CURRENT S TATUS OF SWE AT LIPID MED IATOR ANALYS IS AND IT ' S APPLI C AB ILIT Y IN CUTANEOUS RE S E ARCH
Since the initial publication in 1974 describing the presence of PGE2 in sweat by Forstrom et al, 12 we have been unable to find any subsequent characterizations of lipid mediators in sweat. We did however find mention that cells derived from the NCL-SG3 human sweat gland epithelial cell line are capable of de novo synthesis of AEA and 2-AG, 29 which potentially adds another dimension to the characterization of the sources of sweat lipid mediators that was discussed in the previous section.
In an effort to more comprehensively characterize the sweat lipid mediator profile and understand its utility in cutaneous re- shown to be temporally stable across the three-week duration of the study, and inter-and intraindividual variability were consistent with those observed in other matrices such as skin or plasma. 19 Although this study begins to alleviate some of the concerns described in the previous section, more work remains to be done on the stability and variability of sweat lipid mediators, particularly with respect to other methods of sweat stimulation such as thermal or emotional induction, as well as other anatomical sites such as the forehead, chest, or upper arm.
Finally, we recently completed a study that evaluated the likelihood of the systemic circulation as a source of sweat lipid mediators, since the origins of the lipid mediators can help provide appropriate biological context for observed lipid mediator changes due to disease or therapeutic intervention. 56 Sweat and plasma were collected from healthy individuals immediately prior to and at three times after ingestion of a 400-mg oral dose of ibuprofen. 56 No correlations were observed between plasma and sweat lipid mediators at baseline, 56 which suggests that systemic circulation is not a primary contributor to the sweat lipid mediator profile. Additionally, ibuprofen intake resulted in differentially affected lipid mediator profiles in the plasma and sweat, 56 further supporting the notion that sweat lipid mediators are primarily derived from sources other than the systemic circulation. These findings shift the focus to skin or sweat gland epithelial cells as other potential sources of sweat lipid mediators, and add support to the idea that sweat primarily reflects cutaneous biochemical changes.
| CON CLUS IONS
Throughout this piece, we have attempted to make the case for the use of sweat as a noninvasive matrix to support cutaneous research, particularly as sweat is one of the main secretions of the skin. It is hoped that readers will now appreciate that there is more to the composition of sweat than just water and electrolytes,
and that metabolites present in sweat may in fact be capable of reporting changes in cutaneous biochemical pathways following pharmacological or physiological intervention, thereby providing novel insight into the immunomodulatory biochemistry of the skin.
It is also hoped that this piece will inspire future studies into the composition of sweat and its utility as a biological matrix. We have only begun to scratch the surface of this new addition to cutaneous research, and there is much left to discover about this biofluid.
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